Small cerebral infarcts, i.e. microinfarcts, are common in the aging brain and linked to vascular cognitive impairment. However, little is known about the acute growth of these minute lesions and their effect on blood flow in surrounding tissues. We modeled microinfarcts in the mouse cortex by inducing photothrombotic clots in single penetrating arterioles. The resultant hemodynamic changes in tissues surrounding the occluded vessel were then studied using in vivo twophoton microscopy. We were able to generate a spectrum of infarct volumes by occluding arterioles that carried a range of blood fluxes. Those resulting from occlusion of high-flux penetrating arterioles (flux of 2 nL/s or higher) exhibited a radial outgrowth that encompassed unusually large tissue volumes. The gradual expansion of these infarcts was propagated by an evolving insufficiency in capillary flow that encroached on territories of neighboring penetrating arterioles, leading to the stagnation and recruitment of their perfusion domains into the final infarct volume. Our results suggest that local collapse of microvascular function contributes to tissue damage incurred by single penetrating arteriole occlusions in mice, and that a similar mechanism may add to pathophysiology induced by microinfarcts of the human brain.
Introduction
Cerebral microinfarcts 1 have emerged as a potential determinant of cognitive decline, as they are one of the most wide-spread forms of tissue infarction in the aging brain. 2, 3 The prevalence of microinfarcts is estimated to be twice as high in those affected by vascular cognitive impairment, 4 suggesting a path between small vessel disease and brain dysfunction. 2 Although individually small, microinfarcts may exist in sufficient numbers to disrupt the function of neural networks. However, the development of these minute lesions and the local tissue pathologies they elicit has remained difficult to understand from cross-sectional neuropathological examination. Studies of microinfarct pathology during life have been hampered by the small size of these lesions, which typically range between only 0.1 and 3 millimeters in diameter. While recent studies have shown the feasibility of detecting large microinfarcts using 3T and 7T MRI, 5 it remains likely that many more go undetected due to limitations in imaging resolution or lack of signal contrast. In this respect, animal models may be useful in understanding the impact of microinfarcts on local brain integrity because neural and vascular function can be visualized in greater detail using fluorescence imaging.
Microinfarcts are thought to arise from the thromboembolic occlusion of arteriosclerotic 6 or amyloid-burdened 7 cerebral arterioles, as they share many histopathological features with macroscopic infarcts caused by large vessel occlusion. Loss of flow to penetrating arterioles, which feed small and discrete domains of tissue, is a particularly likely mechanism for the pathogenesis of human microinfarcts. 8 Optical methods to visualize and manipulate small cortical vessels in the laboratory setting have enabled the precise induction of such an event in the rodent brain. 9 Building on the principles of photothrombotic vascular occlusion, 10 Nishimura and colleagues 11 demonstrated that penetrating arterioles in rodent cortex could be selectively occluded using a focused green laser to activate a circulating photosensitizer, Rose Bengal. These occlusions resulted in columnar regions of ischemia that gradually matured into small cortical infarcts, 8 which were similar to human cortical microinfarcts in terms of their absolute size, shape and location. This is because the perfusion domains of cortical penetrating arterioles in mouse 12 and man 13 are comparable in scale and architecture. The bottleneck-like topology of penetrating arterioles and apparent lack of communicative flow between neighboring arterioles provided an explanation for why blood flow from surrounding tissues was unable to compensate for the flow loss. 11 In past studies performed in rat cortex, we also observed an intriguing phenomenon that microvascular pathology, i.e. blood flow impairment, oxidative endothelial damage and blood-brain barrier (BBB) damage, appeared to extend beyond the perfusion domain of the targeted arteriole, encroaching upon territories of neighboring arterioles that were independently sourced from the pial surface. 8 Since all blood flowing to the brain must pass through a dense capillary network before exiting the venous system, 14 it was postulated that impaired subsurface flow contributed to the spread of microvascular damage and infarct growth. At the scale of capillaries, blood flow is particularly sensitive to change in lumen diameter given the close match in size between blood cells and the intraluminal space. 15 Pathological processes that constrict and/or obstruct capillaries can profoundly impact brain perfusion, and this process has been well documented in classic models of large-scale stroke. [16] [17] [18] The current study was designed to fulfill two goals. The first was to characterize the effect of occluding single penetrating arterioles in mouse cortex, which could be imaged with two-photon laser-scanning microscopy (TPLSM) through a thinned-skull window that prevented disruption of the intracranial environment. 19 Specifically, we examined the range of infarcts that could be produced, and the extent of non-specific vascular damage caused by the photothrombotic procedure itself. The second goal was to use TPLSM to track hemodynamic changes in tissues surrounding an occluded penetrating arteriole such that the evolution of ischemic microvascular pathology could be better understood. Building on past observations, 8 we tested the hypothesis that infarct growth involved a collapse of local microcirculatory function, with flow resistance originating at the capillary level.
Materials and methods
The Institutional Animal Care and Use Committee at the Medical University of South Carolina approved the procedures used in this study. The University has accreditation from the Association for Assessment and Accreditation of Laboratory Animal Care International, and all experiments were performed within its guidelines. All data were analyzed and reported according to ARRIVE guidelines.
Animals and surgery
All reagents were obtained from Sigma-Aldrich, unless otherwise noted. Male C57BL/6 mice, ranging from 3 to 6 months of age, were used in this study. All animals were obtained from the Jackson laboratories (Stock number 000664) and maintained in standard cages on a 12-h light-dark cycle. Anesthesia was induced with isoflurane (Patterson Veterinary) at 4% mean alveolar concentration in 100% oxygen and maintained at 1 to 2% during surgery. Body temperature was maintained at 37 C with a feedback-regulated heat pad (FHC). PoRTs windows were generated over the left cerebral hemisphere to gain optical access to the sensorimotor cortex, 9, 19 under guidance of a stereoscope (SXZ10; Olympus). Two-photon imaging was performed within 24 to 48 h of window construction. All animals were administered buprenorphine prior to or immediately following the surgery at a concentration of 0.05 mg/kg for analgesia.
In vivo two-photon imaging
Imaging was performed with a Sutter moveable objective microscope (MOM) and a Coherent Ultra II Ti:Sapphire laser source. Mice were maintained under light isoflurane (0.5-0.75%) supplied in medical air (20-22% oxygen and 78% nitrogen, moisturized by bubbling through water; AirGas Inc.) over the duration of imaging. Body temperature was maintained at 37 C with a feed-back regulated heat pad. The blood serum was labeled by retro-orbital vein injection of 0.03 mL of 2 MDa fluorescein-dextran (FD2000S; Sigma-Aldrich) prepared at a concentration of 5 % (w/v) in sterile saline. Intraperitoneal injections of 5% (w/v) glucose in 0.2 mL saline were given every 2 h for rehydration. Pulse oximetry (MouseOx; Starr Life Sciences) was used to monitor blood oxygen saturation and heart rate in a cohort of mice (n ¼ 5) to ensure that imaging conditions did not deteriorate cardiovascular function (Table S1 ). These mice were not included in the imaging portion of the study but were matched for age and sex. Animals were maintained under 0.75% MAC isoflurane in medical air for the entire duration of physiological testing, as was done with imaging ( Figure 4 ). The fur over the right thigh was removed with depilatory cream, and readings were collected using a thigh cuff before vessel occlusion and 4 and 8 h following occlusion. Blood gases and arterial pressure were not collected in these studies. However, we note that the small size of the infarcts, lack of injury in subcortical structures and absence of morbidity and/or mortality suggests that aberrant change in systemic physiological variables are less likely compared to large stroke.
Procedures for blood flow imaging and analysis have been described previously. 9 Wide-field images were collected using a 4-X, 0.13 NA objective lens (Olympus UPLFLN 4X) to generate vascular maps of the entire window for navigational purposes. High-resolution imaging of microvessels was performed using a 20-X, 1.0 NA objective lens (Olympus XLUMPLFLN 20XW). High-resolution image stacks of the vasculature were collected across a 326 by 326 mm field and a depth of 150 mm from the pial surface. Lateral sampling was 0.3 to 0.6 mm per pixel and axial sampling was 1 mm per pixel.
To establish image quality with the 20-X, 1.0 NA objective, we measured the point-spread function of sub-resolution yellow-green FluoSpheres (0.2 mm; F8811; Life Technologies) that were pressure-injected directly into cortex through a small hole flanking the PoRTs window. Image stacks were acquired across a 12 by 12 mm lateral field over a depth of 100 to 140 mm below the pial surface with lateral sampling of 0.06 mm per pixel and axial sampling of 0.2 mm per pixel to produce a 3-dimensional intensity distribution of the TPLSM signal from the bead. The lateral and axial resolutions measured in vivo were 0.7 AE 0.1 mm and 1.7 AE 0.2 mm, respectively. The lateral value is the full width at half-maximal (FWHM) intensity along either the x-or y-axis in the plane of highest peak intensity, while the axial value is the FWHM along the central axial line through the bead in the longitudinal slice of highest intensity of the rotated image stack. By comparison, the lateral and axial resolutions achieved by imaging beads embedded in 1.5% agarose overlaid with a cover glass was 0.6 AE 0.1 and 1.2 AE 0.1 mm, respectively, indicating a loss in axial resolution but not lateral resolution, when imaging upper cortex through an acutely prepared PoRTs window. Accordingly, all measurements of vessel diameter were made in the lateral plane.
Targeted photothrombotic occlusions of single penetrating vessels
To induce targeted photothrombotic clots in single penetrating vessels, the camera port of the MOM was adapted to introduce a 532 nm continuous wave laser (Beta Electronics) into the imaging beam path. This green laser was directed toward the objective by toggling the primary dichroic away from the imaging beam path. The beam greatly underfilled the back aperture of the objective, leading to a fixed, circular point of illumination spanning 20 mm in diameter at the plane of focus during imaging, which roughly corresponded to the diameter of a mouse cortical penetrating arteriole ( Figure 1c ). A clot was initiated by irradiating a targeted penetrating vessel for 30-s immediately following infraorbital administration of $0.025 mL of 1.25% (w/ v) Rose Bengal (330000; Sigma-Aldrich) dissolved in sterile saline. The power of the green laser at the sample was 1 mW; this power was titrated to be just over the threshold necessary to stably occlude the target vessel, and well below the power that would lead to direct clotting of neighboring, non-targeted arterioles/ venules. While penetrating venule clots generated in this fashion were stable, clots placed in penetrating arterioles occasionally required 2 to 3 rounds of irradiation to be stably occluded (with no additional injection of Rose Bengal). For control off-target irradiation experiments, we used an identical Rose Bengal dose, irradiation time (1 to 3 rounds of 30-s exposure) and laser intensity as for on-target penetrating vessel occlusions, but placed the focus of irradiation away from the descending neck of the penetrating vessel ( Figure S5 ). For repeated imaging experiments lasting 8 h, the stability of the clot was checked regularly. For experiments that did not involve extended imaging of capillaries, the stability of the clots was verified for at least 2 h post-occlusion. In these experiments, 20% of the penetrating arteriole occlusions had reperfused when re-examined at 24 h post-occlusion, but an infarct was still present indicating sufficient time for stroke development. None of the venules occluded had reperfused at 24 h post-occlusion. To examine the potential for heat damage induced by the 532 nm laser, the temperature at the focus of the laser was examined with a thermocouple (IT-24P; Physitemp) embedded in a thin layer of 1% agarose in artificial cerebral spinal fluid. 9 Temperature shifts of 1.37 AE 0.19, 0.68 AE 0.05 and -0.13 AE 0.04 C were measured for 3 mW, 1 mW and no irradiation, respectively. Assuming similar brain and body temperatures, the brief and localized temperature shift induced by 1 mW power puts brain temperature just above the normothermic range, 36.5 to 37.5 C, but below temperatures used to induce pathological hyperthermia, 40 C. 20 
Quantification of microvascular pathology
For data presented in Figure 4 , the morphology and patency of individual capillary segments, i.e. a length of microvessel between two branchpoints, were quantified from high-resolution in vivo image stacks. These image stacks were acquired prior to penetrating vessel occlusion and at 0.25, 2, 4, 6 and 8 h post-occlusion. Since each frame within the stack shifted only 1 mm in depth from the previous frame, the movement of red blood cells (RBCs) could be tracked in individual capillaries, similar to a movie collected from a fixed plane. The time span that a capillary could be observed within this stack, before the imaging plane shifted beyond the vessel, was approximately 5 s. In this way, ''flow'' or ''no flow'' was quantified as the presence or absence of moving RBC shadows (visible as streaks in the lumen) within the segment under consideration. The diameter of a capillary segment was measured manually across the lumen at the peak intensity of the profile using Fiji software. These measurements were made at the narrowest point along the segment, which was not necessarily the same location along the capillary at each imaging time-point. Constrictions and dilations were defined as a 20% decrease or increase from baseline diameter, respectively. A capillary was categorized as obstructed when any dark object was lodged within the lumen. In these analyses, we did not distinguish between different types of obstructions, i.e. clot, RBC or leukocyte, as all could have contributed to impairment of flow. Finally, BBB breakdown was identified when intravascular FITC-dextran dye had extravasated into the surrounding tissue. The quantification of these pathological features was performed by an individual blinded to the post-occlusion time-points.
For data presented in Figures 5 and 6 , the patency of penetrating arterioles and venules at the brain surface was determined through direct observation in movies collected at 24 h post-occlusion. As with capillaries, pial vessels that had stagnated were devoid of dark streaks caused by movement of RBCs through the lumen and were often brighter due to buildup of fluorescent plasma.
For experiments presented in Figure S5 , we measured capillary diameters with a different approach than with data in Figure 4 . We collected in vivo highresolution image stacks flanking the site of irradiation with a lateral sampling resolution of 0.3 mm per pixel and axial sampling of 1 mm per pixel. Each stack, extending from the pial surface to 150 mm in depth, was obtained five times in succession before and 4 h following photothrombotic occlusion to obtain a variance for the diameters of individual capillary segments. Capillary diameters were calculated as the FWHM of the intensity profile across the capillary width. The intensity profiles were measured from single-image planes positioned at the lumen center of the segment under examination. Diameters measured at 4 h were then compared to baseline values for each capillary using a two-tailed Student's t-test to identify statistically significant constrictions or dilations.
Magnetic resonance imaging
MRI was performed with a small animal 7 Tesla Bruker Biospec scanner (Bruker Biospin, Germany). Images were acquired either in the coronal plane or tangential to the surface of the cortex to provide a plane similar to that obtained with TPLSM. For T2-weighted (T2W) images, turbo-rapid acquisition relaxation enhancement (Turbo-RARE) was acquired at TR ¼ 2500 ms and TE ¼ 33 ms, voxel dimension: 0.078 Â 0.078 Â 0.5 mm 3 (Figure 3a No pre-occlusion data was collected because the cranial window preparation did not lead to noticeable differences in signal contrast with either structural or diffusion-weighted sequences. For consistency between all mice (six infarct regions: five mice with one mouse having two well-separated infarcts) and time points (3, 24 and 72 h), all image contrasts were set between 0 and 3 mm 2 /s for the mean diffusivity (MD) maps and between 0 and 25,000 units for T2W maps when manually drawing the regions of interests using MRIcron software. The ROIs were drawn on the hypointensities of MD maps and hyperintensities of T2W image and the areas were statistically compared using SPSS software (IBM SPSS Statistics version 22).
Immunohistology
For data of Figure 3 (f), animals were killed for histological examination at 2, 4, 6 and 24 h post-occlusion. For data of Figure 2 animals were killed at 24 h postocclusion. All animals were perfusion-fixed through a trans-cardiac route. This involved an initial washout of blood by perfusing with PBS. Once the perfusion fluid exiting the right atrium became clear, the animals were subsequently perfused with $20 mL of 4 % (w/v) paraformaldehyde in PBS. The perfusion fluid was osmotically balanced with respect to electrolytes, but not to equivalent protein levels found in plasma. Brains were extracted and post-fixed overnight at 4 C. The whole brain was then mounted for vibratome sectioning such that it could be sliced tangential to the cortical surface at the location of the infarct. Brain sections were collected at a thickness of 50 mm and stored in PBS with 0.02% sodium azide. For demarcation of infarct borders, anti-NeuN primary antibody from guinea pig host (ABN90P; 1:1000 dilution; Millipore) was diluted in buffer that consisted of 10 % (v/v) goat serum (Vector Labs), 2 % (v/v) Triton X-100 and 0.2 % (w/v) sodium azide. Free-floating sections were then incubated overnight under slow nutation at room temperature. The following day, sections were washed in PBS for 30 min on an orbital shaker, incubated with anti-guinea pig Alexa 594 secondary antibody (A11076l; 1:1000 dilution; Life Technologies) for 2 h in the same buffer as the primary antibody. Slices were then washed again in PBS, mounted and dried on slides for 30 min. All slides were then sealed with Fluoromount-G (Southern Biotechnology Associates Inc.) and a No. 1 glass coverslip (Corning).
To quantify infarct volumes we used anti-NeuN stained tissue sections. Images of each infarct were taken from slices separated by 100 mm intervals using an epi-fluorescence microscope (BX53; Olympus). The infarct boundary was delineated as the border between normal tissue exhibiting dense neuronal nuclei and infarcted regions devoid of nuclei. The area of tissue damage was measured in each tissue section and the total infarct volume, V t , was calculated using the following formula:
where A n was the area of damage in the nth slice, and h was the distance between adjacent sections.
For detection of platelet aggregation, the same immunohistochemistry protocol was used, but the primary antibody solution contained anti-CD41 primary antibody from rat (553847; 1:250 dilution; BD Biosciences) and anti-collagen IV antibody from rabbit (ab19808; 1:250 dilution; Abcam). The secondary antibodies used were anti-rat Alexa 594 (A11007; 1:1000 dilution; Life Technologies) and anti-rabbit Alexa 647 (A21245; 1:1000 dilution; Life Technologies), respectively. Images were collected on an EVOS Cell Imaging System (Life Technologies).
Statistics
All statistical analyses were performed using custom code written with MATLAB or SPSS software. Vasodynamic parameters between penetrating arterioles and venules in Figure 1 
Results
We imaged vasculature in the sensory cortex of isoflurane anesthetized adult male C57Bl/6 mice. The blood plasma was intravenously labeled with a high molecular weight fluorescein-dextran (2 MDa) to allow visualization of the intraluminal space during TPLSM. To gain optical access to the brain surface, we made use of wide-field, glass-reinforced thinned-skull windows, which reduced mechanical disruption and preserved native microcirculatory function. 19 Despite the presence of a thin layer of bone, blood vessels of the cortex could be clearly imaged from the pial surface to capillaries 250 mm deep.
Occlusion of penetrating arterioles generate a broad range of infarct volumes in mouse cortex. We first documented the range and reproducibility of cortical infarcts generated by occlusion of individual penetrating arterioles (Figure 1a ). Penetrating arterioles descend from the pial arterial network to perfuse capillaries in columns of cortical tissue, 11 while penetrating venules route blood from the capillary beds back to the brain surface 22 (Figure 1b ). Consistent with data from the mouse cortical angiome, 12 penetrating venules were found to outnumber penetrating arterioles by a factor of 2, with 18 AE 1 penetrating venules and 9 AE 1 penetrating arterioles per square millimeter of cortical area (mean AE SEM; n ¼ 3 mice). To characterize flow in individual vessels, we acquired measurements of lumen diameter, d, and RBC velocity, v(0) (Figure 1c ). 9 While the average diameter between penetrating arterioles and venules was not different (18.6 AE 1.0 mm for arterioles vs. 19.8 AE 0.8 mm for venules; p ¼ 0.37, mean AE SEM, Student's t-test), RBC velocity was significantly lower in venules (10.5 AE 0.5 mm/s for arterioles vs. 3.4 AE 0.2 mm/s for venules; p < 0.001, Student's t-test). As a result, penetrating venules possess a nearly two-fold lower RBC volume flux, F (1.78 AE 0.2 nL/s for arterioles vs. 0.73 AE 0.1 nL/s for venules; p < 0.001, Kolmogorov-Smirnov test; Figure  1d ). These vasodynamics are consistent with recent measurements from mouse cortex using high-speed reflectance imaging, 23 yet are in contrast to our past work using rats where penetrating venules and penetrating arterioles share a similar magnitude of flux due to larger venular diameters ( Figure S1 ). 8 The introduction of a fixed green laser beam into the imaging path of our TPLSM system allowed for focal photothrombotic occlusion of individual penetrating vessels immediately before their descent into the cortex, i.e. on-target occlusion (Figure 2a and b, right panels). 9 We attenuated the power of the green laser such that it generated negligible change in heat (see methods) and dissipated rapidly after contact with the brain surface in order to minimize direct clotting of the underlying capillaries. This method refined the pioneering approach of Watson et al., 10 in order to generate ischemia only in the perfusion domain of the targeted penetrating vessel by blocking influx 11 or efflux 22 of blood at the brain surface.
We first probed the relationship between penetrating arteriole flux and the resulting infarct volumes. Tissue infarction was demarcated as a region of contiguous neuronal loss, i.e. absence of NeuN immunostaining, in histological slices at 24 h post-occlusion. 8, 24 Occlusion of a single penetrating arteriole was sufficient to generate a cylindrical (or inverted cone-like) region of tissue infarction spanning many cortical layers (Figure 2c 2f). 8 This correlation was largely dictated by the diameter of the infarct (Figure 2d ), rather than the depth it reached below the pial surface (Figure 2e ). While occlusion of many penetrating arterioles led to small infarcts, similar to past work in rats, 8 we noted that the occlusion of high-flux arterioles, i.e. 2 nL/s or higher, could generate larger infarcts, spanning !1 mm in diameter. The volume of these large infarcts matched well with the perfusion volumes of the largest penetrating arterioles calculated from the mouse cortical angiome, 12 suggesting that a subset of high-flux arterioles perfused large volumes of cortical tissue that overlapped with domains of neighboring penetrating arterioles ( Figure S2 ). These high-flux arterioles were targeted in subsequent experiments to study the spread of ischemic injury.
Consistent with the infarcts being a result of ischemia generated in the perfusion territory of the target penetrating arteriole, off-target control irradiations over pial areas devoid of penetrating vessels led to infarct volumes an order of magnitude smaller, due to a small amount of direct thrombosis of superficial capillaries ( Figure  2a Multimodal MRI reveals a gradual infarct expansion. To understand the time-course of infarct expansion, we initially used repeated 7 Tesla T2W MRI. After occlusion of a high-flux penetrating arteriole (2.3 nL/s), a gradual and radial expansion of the hyperintense infarct core was observed over 24 h, indicating a significant peripheral zone that was recruited into the infarction. For instance, a doubling of the infarct diameter from 0.5 to 1 mm between 4 and 24 h corresponded to a In contrast, T2W hyperintensities were rarely observed at this time-point. That is, in 4 of 6 cases, little or no T2W contrast could be discerned for quantification at 3 h (Figure 3d ). Very restricted hyperintense regions were observed in the remaining two cases (Figure 3a) . At 24 h post-occlusion, regions of MD hypointensity and T2W hyperintensity were substantially larger and well-matched in size between imaging modalities, as expected for complete tissue infarction. Signal contrast at 72 h was similar to 24 h with a slight reduction in infarct area. A delayed emergence of T2W contrast relative to MD is also observed with large-scale focal stroke models, i.e. MCAo, which suggests the tissues affected by penetrating arteriole occlusion experience a gradual response to ischemia caused by a distal occlusion. 25 This is contrasted to simultaneous changes in MD and T2W that occur when photothrombosis directly occludes underlying capillary beds, initiating more rapid vascular leakage. 26, 27 Finally, to ensure that T2W signal increase involved tissue infarction, we performed NeuN immunohistology on mice receiving occlusions to penetrating arterioles of similar flux, but sacrificed at varying post-occlusion times (Figure 3f ). In agreement with MRI data, a gradual increase of infarct size was observed between 2 to 24 h (Figure 3d and e) . Critically, the retention of circulating FITC-dextran in the capillary endothelium, an effect of severe BBB leakage, 31 was always observed beyond the border of the infarct. This suggested that capillary dysfunction preceded overt neuronal loss during infarct growth (Figure 3f , see 4 and 6 h post-occlusion).
Evolution of microvascular pathology at the infarct border. We next used TPLSM to repeatedly image the patency and structure of subsurface capillaries within the receding peri-infarct tissues following occlusion of high-flux arterioles. The vessels examined were primarily capillaries, ranging from 3 to 7 mm in diameter, but may have included small subsurface arterioles and venules ( Figure S4 ). High-resolution image stacks were collected in a fixed region spanning the first 350 mm from the occluded target vessel (Figure 4a ; cyan square). The imaged region was positioned such that interface between ischemic and non-ischemic tissues could be visualized as the infarct grew radially outward. These infarcts often grew into the perfusion domains of neighboring arterioles, which were independently perfused from the pial vasculature (Figure 4a , yellow arrowheads). In total, 199 individual capillary segments, i.e. capillary regions between branchpoints, were tracked for 8 h at 2-h intervals in the periphery of four separate infarcts in four mice (Figure 4b ). Each capillary segment was then categorized based on the forms of pathology exhibited, including (1) lack of RBC flow, (2) lumen constriction, (3) lumen dilation, (4) lumen obstruction and (5) BBB leakage (Figure 4c-f ). Since imaging was performed in regions flanking the target penetrating arteriole (Figure 4a ) and restricted to the upper 150 mm of cortex, the capillaries examined typically could not be traced back to the targeted arteriole for analyses of topology. 14 However, since capillary inputs to the ascending venules are denser in upper cortical layers, 12 most vessels examined likely resided near the venular pole of the capillary bed. Importantly, capillary resistance anywhere along the vascular supply chain is capable of impacting the influx and efflux of blood from cortex.
When capillary responses were examined on a vesselby-vessel basis over the imaged period, we observed substantial heterogeneity in both the timing and duration of constrictive and dilatory events (Figure 4g ). To understand the overall dynamics of capillary response over time, we first considered the capillaries as a population ( Figure 4h ). We found that an average of 50% of the total capillaries measured lost flow over 8 h, as assessed by the cessation of movement of RBCs within the lumen (Figure 4h ; black line). This gradual loss of flow was specific to the stroke periphery and did not result from a run-down of the animal preparation, as only subtle and transient loss of flow was observed in more distant image stacks, collected 350 to 500 mm from the occluded arteriole ( Figure S3 ). To determine the mechanism of this flow loss, we first considered changes in the early phase of stroke. We found that constriction of the capillary lumen was a surprisingly early event, becoming evident as quickly as 15 min postocclusion (Figure 4c, h, red line, and S4) . The proportion of constricted vessels plateaued by 4 h, affecting 30% of the total capillaries examined. In contrast, dilation was detected in 9% of total vessels at 15 min postocclusion ( Figure 4d ), and this proportion did not change appreciably with post-occlusion time ( Figure  4h , purple line, and S4). Approximately one-third of the dilated vessels were determined to be small primary or secondary subsurface branches of the targeted arteriole. 28 These branches were previously shown to be ensheathed by smooth muscle-like cells, consistent with a capacity for dilation, 29 but other dilating capillaries may have represented thoroughfare channels. 30 With regard to the spatial sensitivity of our imaging approach, we defined constrictions or dilations as decreases or increases greater than or equal to 20% from baseline diameter, respectively. This equated to a change of 0.8 mm from the mean baseline diameter of 4.1 AE 0.1 mm ( Figure S4 ). Given the lateral pointspread function measured through a PoRTs window (0.7 AE 0.1 mm, see methods) this was a discernable change for our in vivo measurements.
Constriction was followed by a gradual increase in the proportion of capillaries that were obstructed by circulating blood elements (Figure 4e and h, blue line). These appeared as dark particles, of cellular or embolic origin, trapped within the lumen. The proportion of obstructed vessels increased linearly over the entire duration of imaging, eventually affecting 40% of all the vessels at 8 h post-occlusion. All obstructed vessels were, by definition, non-flowing. Finally, the degradation of the BBB and leakage of circulating FITC-dextran 31 into the parenchyma was a comparatively late event, becoming evident only at 6 h postocclusion and affecting 6% of the total microvessels (Figure 4f and h, green line). BBB leakage was only detected in non-flowing vessels. Since vascular leakage was a late event in the evolution of capillary dysfunction, and leakage was observed outside the infarct border in histology (Figure 3c ), the capillary dysfunction observed in vivo preceded and likely contributed to the expansion of the infarct. Given the spatiotemporal heterogeneity of capillary diameter during infarct growth (Figure 4g ), comparisons of lumen diameter versus flow at single timepoints would not adequately explain the impact of diameter change over time. This motivated an analysis to determine how early diameter changes impacted flow in the same capillaries later in stroke. We divided the data into two time-periods: An early post-occlusion phase (2 to 4 h) when constrictions and dilations had occurred but flow was largely present, and a late phase (6 to 8 h) when obstructions and flow loss was more substantial. Indeed, capillaries that were constricted in the early post-occlusion phase were more likely to be obstructed and non-flowing in the late phase ( Figure  4i ). In contrast, early dilation did not increase the likelihood of flow or decrease obstruction in the same capillaries later in stroke (Figure 4j ). This finding suggests that early capillary constriction, rather than dilation, contributes to flow resistance that progressively worsens microcirculation within the peri-infarct tissues.
Capillary constriction is a response to ischemia within the arteriole perfusion territory rather than non-specific actions of Rose Bengal activation. To test whether the observed capillary constriction could have resulted from non-specific actions of photothrombosis, we compared capillary responses between off-target and on-target photothrombotic occlusions. In this case, however, off-target occlusions were formed in the surface arteriole immediately upstream of a target penetrating arteriole, using the same Rose Bengal dose, laser power and irradiation time as for on-target occlusions ( Figure S5a and S5b). Since blood flow to the penetrating arteriole was preserved by flow reversal from downstream arterioles, 32 the ischemic component of photothrombosis could be dissociated from potential downstream effects of intraluminal photosensitization, such as aberrant endothelial signaling, oxidative injury or release of micro-emboli. We restricted imaging timepoints to pre-occlusion and 4 h post-occlusion, when constrictive events normally peaked. We found that off-target occlusions led to a shift toward dilation of capillaries, rather than constriction (p < 0.001, Kolmogorov-Smirnov test, n ¼ 118 capillaries from two mice for off-target occlusions and n ¼ 94 capillaries from two mice for on-target occlusions; Figure S5c and  d) . This confirmed that early capillary constriction seen with on-target occlusion was a specific effect of ischemia in the penetrating arteriole perfusion territory. Infarct growth involves stagnation of neighboring penetrating arterioles. What is the consequence of the observed capillary pathology on flow of neighboring penetrating arterioles? Since each imaged region was supplied by numerous penetrating arterioles, each independently sourced by the redundant pial network, 14,32 a logical hypothesis would be the continued flow of neighboring arterioles and a compensation for perfusion deficits incurred by the occluded arteriole. Neighboring penetrating venules should therefore also remain patent to serve the efflux from penetrating arterioles. Our findings were contrary to this hypothesis, as over 24 h, the flow of both penetrating venules and arterioles flanking a targeted penetrating arteriole completely stagnated due to increased capillary resistance ( Figure 5; compare and e). This was consistent with an inability of blood to pass through the underlying capillary beds and confirmed that upstream flow input was unaffected. Histological examination of capillaries at 4 and 24 h post-occlusion revealed intravascular platelet aggregation within and immediately beyond the infarct border, as detected by CD41 staining, suggesting that platelet aggregation was either an inducer or consequence of flow reduction ( Figure S6 ). Further, occlusion of penetrating arterioles with higher pre-occlusion flux led to stagnation of a greater number of neighboring penetrating vessels, and generated larger infarcts (Figure 5f ). The loss of flow to neighboring arterioles further suggests that their perfusion domains were recruited into the ischemic core. To examine this, we plotted the distance of the non-flowing neighboring vessels relative to the border of the infarct for each case at 24 h post-occlusion ( Figure 5g ). This analysis indicated that nearly all affected vessels resided within the infarcted zone. It was consistent with past work showing that the distance between nearest neighbor penetrating arterioles is shorter than the radius of the average infarct produced by penetrating arteriole occlusion. 12 Selective occlusion of penetrating venules is sufficient to stagnate neighboring penetrating arterioles. The stagnation of surrounding penetrating venules was always observed following occlusion of a penetrating arteriole (Figure 5f and g). Since cortical blood flow relies upon adequate blood efflux, we reasoned that blockage of venular flow could directly impair flow through adjacent penetrating arterioles as an intermediary step in the propagation microvascular collapse. Indeed, direct photothrombotic occlusion of a single penetrating venule was sufficient to stagnate neighboring penetrating arterioles ( Figure 6 ). The neighboring vessels affected by the targeted venular occlusion resided within the final infarct radius, consistent with their contribution to tissue injury (Figure 6f ). Critically, venule occlusions with secondary stagnation of arterioles generated infarcts that were $5 times larger than those that did not affect neighboring arterioles (612 AE 210 nL versus 112 AE 45 nL, p ¼ 0.02, Mann-Whitney test; Figure 6g , right panel). Finally, we note that the secondary effect on penetrating arterioles also explains why no correlation was found between infarct volumes and the pre-occlusion flux of the target venule itself (Figure 6g , left panel).
Discussion
We have characterized the spectrum of small cortical infarcts that can be generated by direct photothrombotic occlusion of single penetrating arterioles in cerebral cortex of male C57Bl/6 mice. As previously observed with rats, these infarcts resembled aspects of human microinfarcts with regard to their absolute size, their shape and orientation within the cortex. 8 On one end of this spectrum, we found that occlusion of high-flux penetrating arterioles (!2 nL/s) generated relatively large infarcts that expanded radially and encroached on perfusion territories of neighboring penetrating arterioles. Two-photon imaging of hemodynamic changes in tissues surrounding the occluded vessel revealed a gradual collapse of microcirculatory function that contributed to infarct expansion ( Figures 5  to 7) . These data suggest that large microinfarcts in the human brain may elicit considerable vascular damage in surrounding tissues and occupy the perfusion domains of several penetrating arterioles and venules.
Recent studies have also modeled cerebral microinfarcts in mice using a high-throughput approach of injecting cholesterol crystals 33 or beads 34 through the internal carotid artery. These intravascular agents obstruct small arterioles on their way to the capillary bed, leading to discrete ischemic infarcts. In general, we find that the infarcts generated using these approaches are similar in size to those created by photothrombotic occlusion of low-flux arterioles, i.e. <2 nL/s. These studies may not have observed larger infarcts because obstructions were limited to arterioles below a threshold size. For instance, occluded vessels were $12 mm in lumen diameter in a study by Silasi et al.; 34 for comparison low-flux and high-flux arterioles in the current study were 13 AE 1 mm (n ¼ 29) and 26 AE 1 mm (n ¼ 21) in diameter, respectively (Figure 1c ). Another important distinction is that infarcts caused by circulating embolic agents tend to be contained completely within the cortical parenchyma, presumably because the obstruction is lodged deeper in the penetrating arteriole tree. Interestingly, Wang et al. also reported a delayed neuronal death that initiated 3 days following cholesterol crystal injection. 33 This may be due to a partial or transient occlusion that results in milder ischemia compared to abrupt flow loss from photothrombotic occlusion. Of note, mouse models of small vessel disease using chronic bilateral carotid artery stenosis 35 or partial deletion of eNOS 36 have reported larger microinfarcts that likely span the perfusion domains of multiple penetrating arterioles. Nevertheless, the range of models available that produce microinfarcts, either induced or spontaneous, are able recapitulating the diversity of microinfarcts observed in human neuropathological studies. Further investigations are necessary to examine the potential disparities in infarct evolution and impact between these models. The advantages of the model described here are that infarcts can be induced with high spatiotemporal precision, and that the ischemic volume can be titrated based on the pre-occlusion flux of the targeted arteriole. The disadvantages are that infarcts are restricted to cortical gray matter and that occlusion of multiple arterioles in sequence takes time.
The capillary bed is a highly interconnected network that allows blood flow to efficiently re-route around local vascular defects, as shown by Schuier et al. 37 using microbeads and Nishimura et al. 38 using laserinduced capillary clots. However, at the scale of stroke produced by single penetrating arteriole occlusions, homeostatic mechanisms to redistribute blood appear limited in several ways. Predictions from large-scale vascular reconstructions suggest that collateral flow between penetrating arterioles is minimized by low-resistance venular shunts that divert flow away from the ischemic zone. 12 In vivo imaging studies have also shown that neighboring penetrating arterioles do not dilate at the pial surface to compensate for the flow deficit. 28 Although dilation was observed at the capillary level in the current study, as well as a past study in rats, 28 this may have been an unsuccessful attempt to recruit flow through thoroughfare channels. 30 Our results suggest that the long-term result of brain and blood-borne responses to the ischemia is the collapse of microvascular patency in tissues surrounding the occluded penetrating arteriole. We posit that over the course of 24 h, capillary resistance first stagnates flow of immediately neighboring penetrating venules, which would normally efflux blood supplied by the target arteriole (Figure 7a ). This then leads to a secondary loss of flow in neighboring penetrating arterioles, which also rely upon the same venules for flow output. Consistent with this idea, seminal studies by Woolsey and colleagues 39 demonstrated in rat cortex that individual penetrating venules serve as shared outputs by more than one penetrating arteriole, thus providing a ''link'' for propagation of microvascular resistance between neighboring penetrating arterioles. Overall, the cycle of events depicted in Figure 7 (b) is believed to be the mechanism by which ischemic injury propagates at the border of small cortical infarcts, particularly those resulting from high-flux arterioles (Figure 7b ). This process likely underlies our recent observation that multiple small infarcts placed within close proximity tend to coalesce, leading to a non-linear growth of tissue damage. 8 Microinfarcts located within white matter may elicit different effects on surrounding microvessels due to a sparser vascular topology.
An issue with photothrombotically-induced occlusions is the potential for diffuse singlet oxygen production that can cause non-specific endothelial damage. A specific goal of this study was therefore to determine the extent to which this influenced microvascular responses when the technique was applied to mouse cortex. Our findings provide evidence that ischemia
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Stagnation of neighboring penetrating vessels Ischemia Capillary obstruction resulting from loss of arteriole perfusion can be dissociated from non-specific oxidation at some level. First, a control experiment with off-target occlusion of an upstream surface arteriole, but maintained flow in the target penetrating arteriole, resulted in a shift toward capillary dilation rather than constriction ( Figure S5) . Also, the occlusion of penetrating venules 22 could generate infarcts that were comparable in size to penetrating arteriole occlusion, despite an opposite direction of flow ( Figure 6 ). These results indicate that dispersal of singlet oxygen through the penetrating vessel tree could not alone explain the capillary changes observed. Second, off-target irradiations placed away from penetrating vessels resulted in infarcts that were an order of magnitude smaller in volume (Figure 2) , while on-target occlusions resulted in infarct sizes that were correlated with pre-occlusion flux (Figure 2d , right panel), and consistent with perfusion volumes calculated from mouse vascular reconstructions ( Figure S2 ). Finally, on-target occlusions generated a rapid drop in MD, but delayed T2W contrast, suggesting that changes in intracellular water diffusion preceded vasogenic edema (extracellular water from vascular leakage that affects T2). This is contrasted to the simultaneous increase in T2 and MD contrast observed when direct capillary thrombosis is induced, i.e. earlier vascular leakage, and indicates a more gradual response to ischemia is occurring after penetrating arteriole occlusion. 26, 27 Collectively, this suggests that ischemia caused by loss of flow to the targeted arteriole is the principal factor eliciting the observed microvascular responses. However, we cannot rule out the possibility that there was sub-threshold endothelial damage caused by photosensitization that augmented capillary responses to ischemia. This study did not delineate the source of capillary constriction or obstruction. Though, concepts from animal models of large-scale stroke may apply 16, 18 For example, studies using the transient MCAo model suggest that pericyte dysfunction leads to aberrant and sustained capillary contraction. Indeed, pericytes appear highly sensitive to oxidative/nitrosative stress 40 and increased extracellular glutamate. 41 We believe that most constrictions here were occurring in true capillaries, as opposed to smooth muscle actinexpressing pre-capillary arterioles, because the latter vessel type is relatively sparsely distributed compared to capillaries. 29 Other extraluminal forces implicated in capillary compression during ischemia include edematous swelling of astroglial endfeet and endothelial cells. 42 Astrocyte swelling and reduced capillary RBC flow correlates with cortical spreading depression (CSD), 43 and CSD events have been observed following single penetrating arteriole occlusions. 8 This should be examined in future studies, as no electrophysiology was performed in the current study. Finally, it is also possible that reduced lumen diameter is a passive result of intraluminal pressure loss due to upstream vessel blockade. Further experiments are required to test the contribution of these putative mechanisms. Additionally, while we did not distinguish between factors that could obstruct capillaries, we believe that leukocytes are involved given their larger size and ability to adhere to the endothelium during injury. 17 The gradual ramping of capillary obstruction we observed is also in agreement with the delayed time-course for inflammatory cell infiltration (Figure 4h ). However, obstruction by RBCs is also possible given that RBCs are far more common in blood, and may pack into slow-flowing rouleuxs.
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Large-scale stroke models, such as distal MCAo, generate much larger infarcts. For comparison, the average infarct generated by occluding a penetrating arteriole is 1/100th the volume of that created by distal MCAo in the same mouse strain; 44 infarcts resulting from occlusion of high-flux arterioles occupy 1/25th the volume. The progression of microvascular responses elicited by such large strokes may differ due to the broader gradient of ischemia applied over cortex. A greater intracranial pressure induced by a large stroke may also produce a different balance of constrictive and dilative capillary responses. Yet, tissues bordering larger strokes exhibit heterogeneous ''minicores and mini-penumbras'' that could reflect intermediary steps in the recruitment of new penetrating arteriole or venule domains into the infarct, similar to that observed here. 45 Nevertheless, the capillary changes we observed are consistent with previous histological 46, 47 and in vivo 40 findings that capillaries can constrict and become occluded during ischemia. A technical caveat to consider is that our quantifications of microvascular flow are based only on the movement of blood cells and not plasma, which can persist despite blockage of cellular flow to carry nutriment and oxygen to the tissue. 48 Our measurements were also not sensitive to partial flow reduction in capillaries, because a binary flow-no flow metric was used to assess patency.
Conclusions
Acute human microinfarcts may involve a period of substantial growth, involving microvascular deficits in surrounding tissues that precede loss of neuronal viability. The gradual nature of this growth suggests that microinfarct-induced damage may be mitigated by interventions to protect neurons or capillaries. 49 Therapeutics designed to treat acute large-scale stroke, but were limited by the short therapeutic window, could be effective for treating progressive and cumulative small-scale ischemic events in the aging brain.
